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Sturgeons (chondrostean, acipenseridae) are ancient ﬁsh species, widely known for their
caviar. Nowadays, most of them are critically endangered. The sterlet (Acipenser ruthenus)
is a common Eurasian sturgeon species with a small body size and the fastest reproductive
cycle among sturgeons. Such species can be used as a host for surrogate production;
application is of value for recovery of critically endangered and huge sturgeon species with
an extremely long reproductive cycle. One prerequisite for production of the donor’s
gametes only is to have a sterile host. Commonly used sterilization techniques in ﬁshes
such as triploidization or hybridization do not guarantee sterility in sturgeon. Alternatively,
sterilization can be achieved by using a temporary germ cell exclusion–speciﬁc gene by a
knockdown agent, the antisense morpholino oligonucleotide (MO). The targeted gene for
the MO is the dead end gene (dnd) which is a vertebrate-speciﬁc gene encoding a RNA-
binding protein which is crucial for migration and survival of primordial germ cells
(PGCs). For this purpose, a dnd homologue of Russian sturgeon (Agdnd), resulting in the
same sequence in the start codon region with isolated fragments of sterlet dnd (Ardnd),
was used. Reverse transcription polymerase chain reaction conﬁrmed tissue-speciﬁc
expression of Ardnd only in the gonads of both sexes. Dnd-MO for depletion of PGCs
together with ﬂuorescein isothiocyanate (FITC)–biotin–dextran for PGCs labeling was
injected into the vegetal region of one- to four-cell-stage sterlet embryos. In the control
groups, only FITC was injected to validate the injection method and labeling of PGCs. After
optimization of MO concentration together with volume injection, 250-mM MO was
applied for sterilization of sturgeon embryos. Primordial germ cells were detected under a
ﬂuorescent stereomicroscope in the genital ridge of the FITC-labeled control group only,
whereas no PGCs were present in the body cavities of morphants at 21 days after fertil-
ization. Moreover, the body cavities of MO-treated and nontreated ﬁsh were examined by
histology and in situ hybridization, showing gonads which had no germ cells in morphants
at various stages (60, 150, and 210 days after fertilization). Taken together, these results
report the ﬁrst known and functional method of sturgeon sterilization.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).; fax: þ420 387 774
tová).
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With the recent worldwide poaching of sturgeons for
caviar, construction of dams, and environmental pollution,
these ﬁshes are listed in the International Union for the
Conservation of Nature’s Red List as the most endangered
group of species in the world. Moreover, their artiﬁcial
reproduction is complicated by late maturation and the
inability of females to repeat reproduction every year [1].
Therefore, an efﬁcient approach for their reproduction and
conservation is needed. In recent years, techniques for
surrogate production through germ line chimera by early
germ cells transplantation into closely related species have
been established in several teleostean species [2,3]. The
sterlet (Acipenser ruthenus) is one of the most common and
smallest Eurasian sturgeon species with the fastest
reproductive cycle (sexual maturity of males 3–7 and
females 5–9 years of age) in comparison with other
sturgeons [1]. A prerequisite to generate germ line chimera,
producing the donor’s gametes only, is the sterilization of
the host. Triploidization is the method of choice for
practical use in species whose triploid individuals are
sterile [4,5]. However, in sturgeons (evolutionary
polyploids), all ploidy levels are probably fertile [6];
therefore, an alternative technique for sturgeon steriliza-
tion must be considered. The approach was to use a
temporary exclusion of the germ cell–speciﬁc gene that is
responsible for their development by a knockdown agent,
from which the antisense morpholino oligonucleotide
(MO) was applied. Dead end (dnd), a gene that encodes an
RNA-binding protein crucial for migration and survival of
primordial germ cells (PGCs), was selected. This gene has
already been described in a number of model species, and
knockdown of dnd by the MO interferes with PGC migra-
tion and results in their death [7,8].
2. Materials and methods
2.1. Ethics
All experiments were carried out in accordance with the
Animal Research Committee of the Faculty of Fisheries and
Protection of Waters in Vodnany, Czech Republic. Fish were
maintained according to the principles based on the EU
harmonized animal welfare act of Czech Republic, and
principles of laboratory animal care and the national laws
246/1992 “Animal welfare” on the protection of animals
were followed and respected.
2.2. Fish source, embryos preparation, and sample collection
Adult sterlet (A ruthenus) females and males, aged 5 to
9 years, were transferred from outdoor ponds into indoor
recirculating aquaculture system during the spawning
season March to June 2014. Fish were held in 4000-L tanks
at meanwater temperature of 13 C. To induce spermiation,
males were injected by a single intramuscular injection of
carp pituitary extract at 4 mg/kg of body weight (BW) in
0.9% NaCl. Sperm was collected 48 hours after hormone
injection and kept on ice at 4 C until fertilization.
Spermatozoa motility was assessed by light microscopyand was greater than 90%. Ovulation was stimulated with
carp pituitary extract by intramuscular injection in two
doses: the ﬁrst dose, 0.5 mg/kg of BW and the second,
4.5 mg/kg of BW, 12 hours after the ﬁrst injection. The
ovulated eggs were collected from three females 18 to
20 hours after the second injection. The eggs were insem-
inated with sperm from two males in dechlorinated water
at 15 C. Stickiness of the fertilized eggs was removed by
treating with 0.04% tannic acid. Eggs were dechorionated
(outer layer) 1 hour after fertilization using forceps.
Dechorionated eggs were transferred to 100-mL dechlori-
nated tap water with 0.01% penicillin and streptomycin in
glass Petri dishes and incubated at 15 C in an incubator.
Temperature was regulated at 15  1 C throughout the
experiment, and water was changed daily. Embryos were
mainly used for injection of ﬂuorescein isothiocyanate
(FITC)–biotin–dextran for PGCs labeling, antisense MO for
PGCs depletion, reverse transcription polymerase chain
reaction (RT-PCR), histology, and in situ hybridization
(ISH, described in the following).
Tissue samples used for determination of dnd gene
expression by RT-PCR were obtained from adult sterlet
males and females; they were rapidly dissected and washed
in PBS (adjusted to 248 mOsm/kg, pH 8). For RNA extraction,
tissues were frozen in liquid nitrogen and stored at 80 C.
2.3. Isolation of Ardnd fragments (sterlet dnd) for comparison
with full-length Agdnd (Russian dnd)
The dnd gene of Russian sturgeon (Agdnd; Hagihara,
unpublished data) was used as a reference sequence for MO
design. Full length of Russian dnd (Agdnd) was homology
searchedand identiﬁed fromthedatabaseof transcriptome in
a developing gonad by Hagihara (unpublished data). For MO
design, the sequence of gene in the start codon region has to
be known; therefore, only fragments of sterlet dnd (Ardnd)
including the ATG region were identiﬁed in this study and
compared with Agdnd. For this purpose, total RNA was
isolated from stripped unfertilized eggs of sterlet using
RNeasyLipidTissueMiniKit (Qiagen, Prague, CzechRepublic).
First-strand complementary DNA (cDNA) was synthesized
from1 to4mgof totalRNAusing theTranscriptorHighFidelity
cDNA Synthesis Kit (Roche, Mannheim, Germany). The cDNA
fragments of Ardnd gene were ampliﬁed by RT-PCR using
primers (Table 1) designed according to the full-length
sequence of Agdnd (Hagihara, unpublished data). Polymer-
asechain reactionwasperformedusingaC1000thermalcycle
(Bio-Rad, Hercules, CA, USA) under following conditions:
denaturation at 95 C for 5minutes, 35 cycles of ampliﬁcation
at 95 C for 20 seconds, 60 C for 30 seconds, 72 C for
1 minute, and additional elongation at 72 C for 10 minutes.
Polymerase chain reaction products were separated by 1.2%
agarose gel electrophoresis. The fragments were puriﬁed by
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel,
Duren, Germany) and cloned into pCR 2.1-TOPO TA vector
using TOPO TA Cloning Kit with competent Escherichia coli
cells (Life Technologies, Prague, Czech Republic). Positive
clones were ampliﬁed by PCR as follows: initial step at 95 C
for 2 minutes, 5 cycles at 95 C for 30 seconds, 50 C for
1minute, 72 C for 1minute, followedby30cycles at 95 C for
30seconds,50 C for45seconds,72 C for1minute, andaﬁnal
Table 1
Ardnd gene–speciﬁc primers used for isolation of Ardnd fragments and reverse transcription polymerase chain reaction analysis.
Primer name Forward sequences (50–30) Reverse sequences (50–30) Size (bp)
Ardnd1 AAACGTGAGGCACGGGTATT CCTGGATCGGTATCCACAGC 705
Ardnd2 TGCGGCGCTCTCAAAGTAAT TGAACTCATAGAGCACGCCC 47
Ardnd3 AGTTCCTGTTGACACGCTCC ATACCCGTGCCTCACGTTTT 89
Ardnd4 AGCTGGCTGTGGATACCGAT TGAACATGCAAGACAAAAAGTGAGT 786
CytB TATTCATGCAAACGGGGCCT ACGGTTGCCCCTCAAAATGA 192
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company (Macrogen Inc., Amsterdam, the Netherlands).
2.4. Sequence analysis and alignment
Sequenced fragments of Ardnd were aligned with
provided data of full-length Agdnd (to ﬁnd the ATG region)
using the BioEdit software (BioEdit version 7.1.3.0, 2011).
Moreover, homology and identity searches of Agdnd with
dead end homologue of the Chinese sturgeon Acipenser
sinensis (Asdnd, KM 655832.1, [9]) (the only published dnd
in acipenseridae family) were performed using the online
Web site (http://www.ncbi.nlm.nih.gov/gene).
2.5. Construction of sterlet/Russian sturgeon dnd morpholino
(dnd-MO)
To perform sterilization of sterlet/Russian sturgeon by
dnd gene knockdown, an antisense MO was designed in
conserved region including start codon by Gene Tools
(Gene Tools, LLC, Philomath, OR, USA; Table 2).
2.6. Microinjection of dnd-MO
Dehydrated 2-mM dnd-MO was resuspended in
nuclease-free water with 0.2-M KCl. To label PGCs, 1%
FITC–biotin–dextran (molecular weight ¼ 500,000)
was coinjected with dnd-MO according to Saito et al. [10].
In the control groups, only 1% FITC was injected. Moreover,
a commercially available dnd-MO for zebraﬁsh with 1%
FITC was also tested as a control to guarantee the speciﬁcity
of sterlet dnd-MO. A glass micropipette was drawn
from a glass needle (Drummond, Tokyo, Japan) using a
needle puller (PC-10; Narishige, Tokyo, Japan). The
dnd-MO þ FITC or just FITC was loaded into the micropi-
pette and injected into the vegetal pole of sterlet embryos
at the one- to four-cell-stage at 1 to 4 hours after fertil-
ization. Microinjection was performed under a ﬂuorescentTable 2
Sequence of Agdnd used for MO design and the designed sequence of
dnd-MO.
Gene/MO Region Sequences (50–30) Size
(bp)
Agdnd 161–214 CAAGTTGTCTGGAGAAAACATCTTAAGAA
[AGAAA(ATG)ATTGAAGGAGAGCAAAC]
53
dnd-MO d CCTCTGTTTGCTCTCCTTCAATCAT 25
Brackets, [], show the position of dnd-MO in Agdnd and, (), the presence of
start codon.
Abbreviation: MO, morpholino oligonucleotide.stereomicroscope Leica M165 FC (Leica, Wetzlar, Germany)
using a micromanipulator M-152 (Narishige) and micro-
injector FemtoJet express microinjector (Eppendorf,
Hamburg, Germany) with a pressure of 100 hPa for
1 second. To determine the optimal dose for PGCs
depletion, ten eggs from each female (three individuals)
were injected with different concentrations of dnd-MO
(100, 250, 500, 750, and 1000 mM) and survival rate and
numbers of FITC-labeled PGCs at 4 days post fertilization
(dpf) were examined. At 21 dpf, larvae from each group
were anesthetized by tricaine solution, the body cavity was
opened; the gut was dissected, positions of PGCs were
checked, and they were counted. After selection of best
concentration of dnd-MO (250 mM), 300 embryos of two
females were selected, inwhich 100were used for injection
of 250-mM dnd-MO þ FITC, the same number were used as
the control group by injection of FITC, and the remaining
embryos were kept as noninjected controls for further
incubation to assess developmental rate. The embryoswere
kept at 15 C, and hatched larvae were fed with Tubifex.
Development of embryos was documented by the stereo-
microscope Leica M165 FC with a camera (Leica DFC425C),
and the numbers of positive ﬁsh with labeled FITC-PGCs
were counted at 4 dpf. Larvae of each group were
separately transferred into 55-L aquariums and kept for
histologic, RT-PCR, and ISH analyses.
2.7. RT-PCR analysis
Reverse transcription polymerase chain reaction was
used to detect expression of the Ardnd gene in several
tissues of two adult sterlet males and females to conﬁrm
the hypothesis that Ardnd is a germ cell–speciﬁc gene
expressed in gonads only. Moreover, gonads of ﬁve
MO-treated ﬁsh and ﬁve control specimens at 210 dpf
were used for the analyses. Total RNA extraction andFig. 1. Tissue-speciﬁc expression of Ardnd and Cytochrome B determined by
reverse transcription polymerase chain reaction. M, reference marker.
Table 3
Test of different concentrations of dnd-MO (coinjected with FITC) on the survival rate and number of FITC-labeled PGCs compared with control FITC-injected
and noninjected ﬁsh at 4 and 21 days post fertilization (dpf).
Experimental
group
Total no. of
embryos
Survival rate (%)
after hatching
No. (mean  SD) of
FITC-PGCs at 4 dpf
No. (mean  SD) of
FITC-PGCs at 21 dpf
dnd-MO 1000 30 20.0d 0c 0c
dnd-MO 750 30 20.0d 0c 0c
dnd-MO 500 30 40.0c 0c 0c
dnd-MO 250 30 63.3b 0.1  0.45c 0c
dnd-MO 100 30 73.3a 4.65  4.92b 3.86  3.44b
Control FITC 30 63.3b 15.42  8.01a 13.29  7.59a
Control noninjected 30 63.3b d d
Values with the same character in each column are not signiﬁcantly different (one-sample t test, P < 0.05).
Abbreviations: FITC, ﬂuorescein isothiocyanate; MO, morpholino oligonucleotide; PGCs, primordial germ cells; SD, standard deviation.
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viously using 50 to 100 mg of various tissues (ovary, testes,
caudal ﬁn, liver, gill, intestine, muscle, brain, kidney, and
heart). Reverse transcription polymerase chain reaction
was performed using the Ardnd1-speciﬁc primers (Table 1).
Cytochrome B (CytB), a housekeeping gene, was ampliﬁed
as a control that had to be expressed in all analyzed tissues,
by the primers CytB F and R (Table 1). Reverse transcription
polymerase chain reaction was run with a reaction volume
of 20 mL containing 20 to 30 ng of cDNA under following
conditions: 95 C for 5 minutes, 35 cycles of ampliﬁcation
at 95 C for 20 seconds, 60 C for 30 seconds, 72 C for
1 minute, and ﬁnal extension at 72 C for 10 minutes.2.8. Histologic analysis
Ten ﬁsh at 60 dpf, ﬁve ﬁsh at 150 dpf, and ﬁve ﬁsh at 210
dpf of dnd-MO (250 mM)–injected and control (noninjected)
groups were sacriﬁced; their trunks (at 60 dpf) or gonads
(from 60 dpf) were dissected and washed in PBS. Gonads or
dissected trunks of ﬁsh were ﬁxed in Bouin’s solution over-
night and stored in 80% ethanol until further processing.
Then, samples were dehydrated in an ethanol–xylene series,
embedded in parafﬁn blocks, cut into 5-mm-thick sections
using a rotary microtome Diapath (Diapath Galileo, Italy).
Parafﬁn slides were stained with hematoxylin and eosin by
using a staining machine (Tissue-Tek DRS 2000; Sakura,
Torrance, CA, USA) according to standard procedures. The
state of gonadswas evaluated from histologic sections by the
optical microscope Olympus BH2 (Olympus Corp., Tokyo,
Japan) at 200 and  400 magniﬁcation and photographed
by the Nikon D5100 camera (Nikon, Tokyo, Japan).Table 4
Survival rate and percentage of ﬁsh with labeled FITC-PGCs in
experimental and control groups at 4 days post fertilization (dpf).
Experimental
group
Total no.
of embryos
Survival rate (%)
after hatching
Percentage of
embryos with
FITC-PGCs at 4 dpf
dnd-MO 250 100 88.2b 4.9b
Control FITC 100 81.4b 82.5a
Control
noninjected
100 92a 0b
Values with the same character in each column are not signiﬁcantly
different (one-sample t test, P < 0.05).
Abbreviations: FITC, ﬂuorescein isothiocyanate; MO, morpholino
oligonucleotide; PGCs, primordial germ cells.2.9. In situ hybridization
To detect the expression patterns of Ardnd, gonads of
ﬁve 210-dpf control ﬁsh and morphants (same used for
histology), ISH was carried out. Also, vasa gene, as a germ
cell–speciﬁc gene, was tested as Ardnd. Gonads were ﬁxed
in 4% paraformaldehyde overnight and stored in methanol
at 20 C until usage. Sense and antisense Ardnd and vasa
probes were synthesized by PCR using primers with
introduced SP6/T7-promoter site. The cDNA sterlet
fragments were puriﬁed by NucleoSpin Gel and PCR
Clean-up kit (Macherey-Nagel). Antisense (positive
control) and sense (negative control) digoxigenin-labeled
RNA probes were applied using 1-mg cDNA fragment and
a DIG RNA Labeling Kit (SP6/T7; Roche) by following the
manufacturer’s instruction. In situ hybridization procedure
was established according to Saito et al. [11] and Lin et al.
[12]. Photographs were taken using an Olympus stereo-
microscope IX83 (Olympus Corp.) equipped with an ORCA
R2 camera (Hamamatsu Photonics, Tokyo, Japan).2.10. Statistical analysis
The percentage of control and dnd-MO–treated ﬁsh
containing FITC-labeled PGCs was analyzed by the
one-sample t test. Probability values of P < 0.05 were
considered signiﬁcant. All statistical analyses were
performed using programming language R software
(Version 3.0.2, 2014) for statistical analysis of data for MS
Windows.
3. Results
3.1. Characterization of sequence and alignment analysis of
dnd genes
The full-length Russian Agdnd sequence was
obtained by next-generation sequencing. Agdnd cDNA was
1710-bp long, containing 1290-bp open reading frame,
which encoded 430 amino acids. Fragments of Ardnd gene
were sequenced with speciﬁc primers (Table 1) and aligned
with Agdnd (Supplementary Fig. 1) which resulted in 97%
identity. Similar fragments with ATG region in both dnd
sequences were identiﬁed, resulting in one dnd-MO design
for both species (sterlet and Russian sturgeon).
Fig. 2. Ablation of primordial germcells (PGCs) in sterlet embryos and larvae treatedwithdnd-MO (250mM)at 4, 7, and21dayspost fertilization (dpf) comparedwith
controls. (A, B) Tail-bud stage, 4 dpf; (C, D) hatching period, 7 dpf; (E, F) dissection of body cavity, 21 dpf. (A, C, E) Control ﬂuorescein isothiocyanate–injected group
with PGCs (white circles); (B, D, F) 250-mM dnd-MO–injected group. Scale bars are (A, B, E) 1 mm; (C, D) 2 mm, and (E) 500 mm. MO, morpholino oligonucleotide.
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Reverse transcription polymerase chain reaction
showed the tissue-speciﬁc expression of Ardnd only in
gonads, with a higher level of expression in testes. In other
tissues, including caudal ﬁn, liver, gill, intestine, muscle,
brain, kidney, and heart, Ardnd was not detected. CytB was
used as a reference to determine the distribution pattern in
all analyzed tissues (Fig. 1).Fig. 3. Occurrence or nonoccurrence of germ cells in transverse histologic sections
external appearance of gonads of sterlet at 210 dpf. Hematoxylin–eosin stained tran
(rectangles) in control noninjected groups and empty spaces in 250-mM dnd-MO–t
(B, D, F, H) 250-mM dnd-MO–injected group. MO, morpholino oligonucleotide.3.3. Ardnd knockdown by dnd-MO injection leading to PGC
depletion
Dnd-MO was designed and constructed (as previously
described, Table 2) to sterilize sterlet by Ardnd knockdown.
In the ﬁrst experiment, several dnd-MO concentrations
were tested (100–1000 mM) and a dose-dependent effect
was observed. Dnd-MO concentration of 250 mM resulted in
63.3% hatched embryos with average number of visualizedof sterlet genital ridge at 60, 150, and 210 days post fertilization (dpf) and
sverse 5-mm sections show presence of germ cells (circles) and somatic cells
reated groups (scale bar ¼ 100 mm). (A, C, E, G) Control noninjected group;
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observed in the control FITC-injected groups with average
number of labeled FITC-PGCs, 15.42  8.01. Therefore, the
concentration 250 mMof dnd-MO, which led to a signiﬁcant
developmental arrest of PGCs, was used in subsequent
experiments. Abnormal development of embryos and
low survival rates (40%–20%) of hatched larvae were asso-
ciated with higher dnd-MO concentrations. The lowest
concentration of 100-mM dnd-MO resulted in incomplete
elimination of migrating PGCs (Table 3). Moreover, a
commercially available dnd-MO for zebraﬁsh was tested
and resulted in the same survival rate and number of
visualized PGCs comparable with the control FITC-injected
groups. This guaranteed that the effect of dnd-MO designed
for sterlet is speciﬁc.
For the second fertility or sterility experiment, 300
developing embryos were selected, 100 were injected with
250-mM dnd-MO þ FITC, 100 with FITC as a control, and the
remaining 100 were kept as noninjected control to assess
the developmental rate. No signiﬁcant differences were
observed in survival among FITC controls (81.4% devel-
oped) and 250-mM dnd-MO–injected ﬁsh (88.2%; Table 4).
The PGCs in the control FITC-injected embryos were
observed at 4 dpf, (Fig. 2A), and almost, no PGCs were
detected in the dnd-MO group (Fig. 2B, Table 4). After
hatching (7 dpf), PGCs migrated dorsally to the upper part
of the gut, where the genital ridge is localized (Fig. 2C),Fig. 4. Ardnd and Cytochrome B expressions in gonads of 250-mM
dnd-morpholino oligonucleotide–injected ﬁsh and noninjected control ﬁsh
at 210 days after fertilization determined by reverse transcription
polymerase chain reaction. M, reference marker.whereas no PGCs were observed in morphants (Fig. 2D). At
21 dpf, larvae from each group were checked and PGCs
were observed only in the body cavity of FITC-injected
individuals. They colonized the positions where the
genital ridge is assumed to be localized (Fig. 2E). No PGCs
were detected in dissected body cavities of morphants
(Fig. 2F). Moreover, dnd-MOwas tested in Russian sturgeon
embryos because dnd-MO design was based on the
sequence of Agdnd, and it affected the development of PGCs
in the same way as described in sterlet (data not shown).
3.4. Histologic analysis of morphants and controls during
development
Gonadal development was observed in histologic
preparations to examine the inner structure of gonads and
localization of germ cells. In 60-dpf ﬁsh, the ribbon-like
gonadal ridges were elongated ventrally from the ventral
end of the kidney to caudal positions; they were trans-
parent and poorly visible. In the control groups, the
undifferentiated gonadal ridges were covered by notched
epithelium and ﬁlled with visible layers of PGCs. Primordial
germ cells of irregular shape were surrounded by somatic
cells (Fig. 3A). On the other hand, the gonadal ridges of
morphants contained empty spaces in the genital cavity
(Fig. 3B). In 150-dpf juveniles, the gonads of controls were
clearly visible, light, and ﬂat in comparison with
morphants, in which the external appearance of gonads
was comparable with the previous stage (poorly visible). In
controls, the gonadal area was occupied by germinal cells
(putative late PGCs) and covered with epithelium extend-
ing to notches and folds. The gonadal side consisted of
ﬁbrous connective tissue with small somatic cells and fat
(Fig. 3C). In morphants, the holes in “partially empty”
gonads increased in size and were occupied by a large
number of blood vessels and somatic cells (Fig. 3D). In
210-dpf juveniles, the gonads were elongated in the whole
length of the body cavity. The external appearance of
gonads of controls and morphants was signiﬁcantly
different: light gonads of lamellar or ﬂat structure of
controls (Fig. 3E) and narrow, transparent or light, tube-like
gonads of morphants (Fig. 3F). In the control group, the
gonads consisted of large numbers of germ cells that star-
ted to proliferate into later stages of germ cells (Fig. 3G). On
the other hand, gonads of morphants consisted of only
blood vessels and somatic cells, without any germ cells.
Visible “holes” were formed in the positions of missing
germ cells (Fig. 3H).
3.5. RT-PCR and ISH analysis of gonads of juvenile morphants
and controls
Moreover, a part of gonad of ﬁve juveniles (210 dpf) of
each group was examined by RT-PCR and ISH to determine
the expression level of Ardnd and vasa and localization.
Reverse transcription polymerase chain reaction showed
that Ardnd is expressed only in products of control ﬁsh, and
no signal was detectable in morphants (Fig. 4). CytB was
used as a reference to determine the positive distribution
pattern in gonads. A positive signal restricted to germ cells
was detected by ISH with Ardnd and vasa antisense probes
Fig. 5. Localization or nonlocalization of Ardnd and vasa expression in gonads of noninjected controls and 250-mM dnd-MO–injected juveniles at 210 days after
fertilization determined by in situ hybridization. (A, B, E, F) Control noninjected group; (C, D, G, H) 250-mM dnd-MO–injected group. (A, C) Antisense Ardnd and
(B, D) antisense vasa probes show positive signal in the control group and no signal in the 250-mM dnd-MO–injected group (germ cells are not present); (E, G)
sense Ardnd, and (F, H) sense vasa probes (negative control) did not indicate any expression in both groups (scale bar ¼ 50 mm). MO, morpholino oligonucleotide.
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No signal was observed in gonads of morphants with Ardnd
and vasa antisense probes and all samples treated by Ardnd
and vasa sense probes (Fig. 5C, D, E, F, G, H). These exper-
iments conﬁrmed the putative sterility of sterlet juveniles
after dnd-MO treatment.4. Discussion
The present study reported a functional method of
sterlet sterilization using a knockdown agent, antisense
MO. First, isolated fragments of dnd homologue gene in
sterlet (Ardnd) were compared with the full-length
sequence of Russian sturgeon (Agdnd), and the compari-
son showed the same sequence in the start codon region.
Tissue-speciﬁc expression was detected by RT-PCR with
positive Ardnd expression in gonads only. Second, dnd-MO
was synthetized against a region spanning the ATG of
Agdnd and injected into the vegetal pole of sterlet embryos
for sterilization. Finally, the sterility and fertility of
MO-injected ﬁsh and controls were analyzed by ﬂuorescent
microscopy and histology. Our data conﬁrmed the sterility
of the dnd-MO (250 mM)–injected group by loss of PGCs inthe genital cavity. This is the ﬁrst report on the successful
sterilization among sturgeon species.
4.1. Importance of germ cells
In sexually reproducing organisms, PGCs are the
only cells in developing embryos with potential to transmit
genetic information to the next generation, undergo
proliferation, and differentiate into functional gametes
[13–16]. They migrate to genital ridge via chemotaxis;
consequently, PGCs (or subsequent stages) are good
candidates for induction of germ line chimerism through
transplantation [2,17]. The production of germ line chi-
meras has the potential to generate offspring of endan-
gered species by using common species that are adaptable
to artiﬁcial conditions [14,18]. This germ line chimerism
biotechnology could provide important advantages such as
(1) shortening the reproduction period of sexually late-
maturing species; (2) reducing the space for culture when
small ﬁsh species used as hosts; (3) conserving germ cells
for maintaining genetic resources; (4) retaining target
species without keeping adult ﬁsh [18–20]. Our idea is to
use sterlet, a common smaller sturgeon species with a
shorter period of maturation and generation interval
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of a critically endangered species (donor) with a long
reproductive cycle and large body size such as beluga
(maturating in approximately 20 years). This could result in
obtaining sperm and eggs of beluga four times faster than
usual. Currently, this biotechnology is well developed for
teleost (e.g., zebraﬁsh, goldﬁsh, or loach) by single PGC
transplantation [2] or spermatogonia (SG) [21,22] and
oogonia (OG) [23,24]. Before PGCs can be used for this
purpose, their origin ﬁrst must be determined and the
character and migration pathway needs to be deﬁned. This
has been documented by Saito et al. [10], who found that
PGCs in sturgeon are generated by the inheritance of germ
plasm that is maternally deposited at the vegetal pole of
the egg with holoblastic cleavage, which is similar to that in
anurans. Then, PGCs migrate through the yolky cell mass
toward the gonadal ridge, resembling themigration pattern
of teleost. Surprisingly, PGCs of sturgeon transplanted into
goldﬁsh embryo at the blastula stage with completely
different cleavage pattern (meroblastic) migrated to the
genital ridge of the recipient [10]. Another possibility is the
transplantation of subsequent stages of PGCs, the SG/OG.
The advantage of SG/OG in comparisonwith PGCs is in their
easy isolation from testes or ovary to obtain a large number
of cells which can be directly microinjected into the body
cavity of recipient fry to counteract the potential migration
inability of transplanted germ cells [23,25]. To induce germ
line chimera producing donor’s gametes only, the host
should be sterile. Okutsu et al. [21] transplanted SG into
fertile rainbow trout and 50% of males produced donor-
derived sperm but only 5.46  3.34% offspring showed
donor-derived progeny. In the case of females, 40% of them
produced donor-derived eggs, from which only
2.14  0.70% resulted in donor-derived progeny. Therefore,
it is much more efﬁcient to use sterile recipient which was
the main objective of this study.
4.2. Problematic sterilization of sturgeon species
Besides the problematic reproduction of sturgeon,
sterilization presents another complication for this popular
topic in current research. Sturgeons differ in ploidy levels.
This is probably the result of several genome duplications
[26] and at least three independent polyploidization events
during sturgeon evolution [6,27]. Also, allopolyploidization
and autopolyploidization seem to be a recurring process in
sturgeon with observed abnormal ploidy levels in these
populations. Moreover, the possible fertility of odd ploidy
levels in sturgeon is assumed [28]. Generally in ﬁsh, inter-
speciﬁc hybridization of distantly related species causes
sterility by complications in the pairing of their chromo-
somes [29]. Hybrids between sturgeon species with same
ploidy levels are considered to be fertile [6]. Moreover, the
possible fertility of species with different ploidy levels was
reported in several studies [6,30]. Another method of
sterilization is by chemical treatment (e.g., busulfan) that
inhibits gametogenesis at different developmental stages,
but this does not guarantee 100% efﬁciency [22]. Alto-
gether, polyploidization, hybridization, or chemical treat-
ments are not functional or not proven methods of
sturgeon sterilization. Nontransgenic genetic modiﬁcation,a knockdown strategy to inhibit gene functions involved in
early gonadal development, has been selected as practi-
cable for sturgeon sterilization. The best gene candidate,
expressed in germ plasm and responsible for the develop-
ment and migration of PGCs, is dnd gene [8].
4.3. Identiﬁcation of dnd gene
Dnd is a maternally inherited gene that is expressed in
male and female gonads [8]. Therefore, unfertilized eggs
were selected as suitable material for RNA extraction in
this study. The dnd orthologs have already been described
in invertebrate model organisms such as Drosophila
melanogaster and Caenorhabditis elegans [8] and verte-
brates such as chicken Gallus gallus domesticus [31], frog
Xenopus laevis [8], mouse Mus musculus [32]. In ﬁsh, it has
been initially identiﬁed in zebraﬁsh Danio rerio [8] and
subsequently in other teleosts such as medaka Oryzias
latipes [33], loach Misgurnus anguillicaudatus [34], goldﬁsh
Carassius auratus [35], Atlantic salmon Salmo salar [36],
Paciﬁc blueﬁn tuna Thunnus orientalis [20], turbot
Scophthalmus maximus [12], and the chondrosteans such as
the Chinese sturgeon [9] and Russian sturgeon (Hagihara,
unpublished data). The expression patterns of Ardnd were
examined in several tissues of mature sterlet by RT-PCR in
this study. The only signal was detected in gonads of both
sexes, as was also reported in other ﬁshes such as zebraﬁsh
[8], medaka [33], Atlantic salmon [36], Paciﬁc blueﬁn tuna
[20], turbot [12], and Chinese sturgeon [9]. This conﬁrmed
that dnd is a highly speciﬁc gene expressed in germ cells
conserved in animals. All these studies suggested that dnd
plays one of the main roles in germ cell development and is
a useful germ cell marker for tracing their development. As
a consequence, dnd was chosen as a probable candidate to
design its knockdown agent, the dnd-MO, to block the
migratory activity of PGCs.
Because full-length Russian dnd (Agdnd) was provided
(Hagihara, unpublished data), sequenced fragment of Ardnd
with the start codon region was substantial for MO design.
The Agdnd and Ardnd sequences in the ATG region were
similar which presents the possibility of inhibiting the dnd
translation in two sturgeon species Russian (discussed in
the following) and sterlet (present work). Multiple align-
ments showed that Russian Agdnd shared 97% identity with
sequenced fragments of Ardnd and with full-length Chinese
sturgeon Asdnd (KM 655832.1, [9]). By comparing the
phylogenetic trees of Agdnd and Asdnd, we can classify
these genes in a separate clade, as we have called
“acipenseridae,” from ﬁsh and tetrapods. This is probably
due to the fact that acipenseridae belong to the oldest ﬁsh
family, which appeared about 200 million years ago, and by
all rights, they are called as living fossils in the literature
[37,38].
4.4. Dnd-MO as a suitable tool for sturgeon sterilization
The gene knockdown was performed by an antisense
MO as the best gene knockdown application used in studies
of developing embryos [39]. Morpholino oligonucleotide is
a synthetic chemical used to temporarily eliminate the
function of genes by blocking pre–messenger RNA splicing
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nontransgenic genetically modiﬁed organisms [39,40]. We
have designed an antisense MO against the Ardnd and
Agdnd genes in the start codon region to induce elimination
of PGCs before they enter the gonadal ridge. Dnd-MO was
injected into sterlet embryos, the translation of Ardnd was
inhibited, and it resulted in failure of PGCs to actively
migrate. The development of somatic cells was not affected,
as was reported for zebraﬁsh [8].
Fluorescein isothiocyanate–dextran, injected into the
vegetal pole of sturgeon embryos at one- to four-cell stage,
where PGCs originate, was used for PGCs labeling according
to Saito et al. [10]. Primordial germ cells appeared after
reaching the tail-bud stage in controls. In morphants, a very
low number of PGCs with stopped active migration were
detected in yolk at 4 dpf (PGCs should stop their migratory
activity in this stage) and none were found in later stages
(21dpf), when PGCs of controls were already localized at
germinal ridges. A similar ﬁnding was shown by Goto et al.
[35]. In their study, the number of PGCs in dnd-MO–treated
goldﬁsh decreased at early somite stages and disappeared
in the late somite stage. We concluded that treating the
embryos with a 250-mM concentration of dnd-MO was
sufﬁcient to induce complete loss of sterlet PGCs in this
study. This dose range is a little higher than that used in
other ﬁsh species (50–200 mM, [35]), probably due to larger
size of sturgeon eggs in comparison with teleost ones.
Moreover, we tested the function of dnd-MO in Russian
sturgeon, and it affected the development of PGCs and
survival rate of Russian sturgeon in the same way as
described in sterlet (data not shown).
To improve the strength of the experiment, the loss of
germ cells in morphants was conﬁrmed by histologic
analysis. The gonadal development of controls at 60, 150,
and 210 dpf (noninjected dnd-MO ﬁsh) did not reveal sig-
niﬁcant differences in the gonad morphology or the rate of
their development in comparison with other sturgeons
[1,41–43]. Finally, the expression of Ardnd in gonads of
210-dpf-old morphants and controls was examined by
RT-PCR and ISH. The positive expression was detected only
in the control group.
In conclusion, we sterilized sterlet by dnd-MO. The
successful ablation of PGCs was conﬁrmed by counting of
FITC-labeled PGCs under ﬂuorescent microscopy, by
histologic examinations, and gene expression analyses. Our
results provided a very useful tool of sterlet sterilization for
future experiments of surrogate reproduction via germ line
chimerism, where a sterile host is required. This could be a
powerful method for reproduction of these endangered
species.
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